INTRODUCTION
Lipoxygenases (LOXs; EC 1.13.11.12) are non-heme iron-containing dioxygenases that are widely distributed in plants and animals. LOXs catalyze the regio-and stereo-specific dioxygenation of PUFAs containing a (1Z,4Z)-pentadiene system to yield the corresponding (1S,2E,4Z)-hydroperoxides (Liavonchanka and Feussner, 2006) . Plant LOXs catalyze the incorporation of molecular oxygen into free polyunsaturated fatty acids, at either position 9 or 13, in a stereospecific manner and, therefore, are referred to as linoleate 9-LOXs or 13-LOXs (Howe and Schilmiller, 2002) . According to the classification based on their primary structure and overall sequence similarity, plant LOXs can be grouped into two gene subfamilies. Those enzymes harboring no plastidic transit peptides have a high sequence similarity (>75%) to one another and are designated type 1-LOXs. However, another subset of LOXs carry a plastidic transit peptide sequence; these enzymes show only a moderate overall sequence similarity (~35%) to one another and have been classified as type 2-LOXs. The LOX reaction usually uses linoleic (18:2) and linolenic acids (18:3) as substrates, resulting in the formation of a series of biologically active molecules, collectively called oxylipins (Grechkin et al., 1991) , which can be further converted to different compounds through the action of enzymes participating in at least seven pathways (Feussner and Wasternack, 2002) .
LOX and the products of the LOX pathway were involved in a series of biological events such as seed germination (Feussner et al., 2001; Rudolph et al., 2010) , tuber development (Kolomiets et al., 2001) , sex determination (Acosta et al., 2009) , and fruit ripening (Chen et al., 2004; Zhang et al., 2006) . Cucumber CsLOX1 is capable of adding oxygen to the sterified fatty acids, thus generating triacylglycerol containing one, two or three 13-HPOD acid residues that play a specialized role in fat mobilization in lipid bodies during seed germination (Feussner et al., 2001) . The potato POTLX-1 gene is involved in the control of tuber growth and development. RNA hybridization analysis showed that POTLX-1 mRNA was observed in the distal, most actively growing portion of the developing tuber, and the antisense POTLX-1 plants displayed reduced LOX activity and a several-fold reduction in tuber yield as well as the decreased average tuber size and a disruption of tuber formation (Kolomiets et al., 2001) . LOX activity involved in fruit ripening was reported in tomato and kiwifruit as well as apple (Defilippi et al., 2005) and strawberry (Perez et al., 1999) . In tomato, three LOX genes, TomloxA, TomloxB and TomloxC, are active during fruit ripening; in kiwifruit, AdLox1 and AdLox5 are active in ripening and responsive to ethylene and likely involved in LOX-based metabolism in kiwifruit ripening (Chen et al., 2004; Zhang et al., 2006) .
Another important role of plant LOX enzymes is an involvement in defense responses to wounding (Bell et al., 1995; Wang et al., 2008) and pathogens (Gao et al., 2008) . Arabidopsis plants with co-suppressed expression of the nuclear gene coding for the chloroplastic AtLOX2 have diminished levels of jasmonic acid (JA) and reduced expression levels of the woundinduced vsp gene (Bell et al., 1995) . In rice, OsLOX1 transcripts are detected at low abundance in immature seeds and newly germinated seedlings, but accumulate rapidly and transiently in response to wounding with a peak 3 h after wounding (Wang et al., 2008) . In maize, a 9-lipoxygenase ZmLOX3 controls the root-specific expression of defense genes and its activity is required for normal levels of resistance to root-knot Nematodes (Gao et al., 2008) .
Cucumber (Cucumis sativus L.) is an economically and nutritionally important vegetable crop cultivated worldwide and belongs to the Cucurbitaceae family. Previous studies have shown that there are 23 putative LOX genes in the cucumber genome (Huang et al., 2009) . However, only two cucumber LOX genes, CsLOX1 and CsLOX9 (corresponding to CsLOX01 and CsLOX09 in our data, respectively), have been characterized up to now. The expression profiling of the cucumber lipoxygenase gene family and phylogenetic relationship with other plant LOX members in detail remain poorly understood (Matsui et al., 1999 (Matsui et al., , 2006 . In this report, we carry out the genome-wide identification, and phylogenetic and expression analysis of the lipoxygenase gene family in cucumber, as well as a comparative analysis with Arabidopsis and rice LOXs, which will be useful in conducting future functional genomic studies to understand how the molecular roles of the lipoxygenase gene family translate into a diversity of biological functions.
MATERIAL AND METHODS

Database search for cucumber LOX genes
A cucumber lipoxygenase sequence (GeneBank No. U25058) as a query sequence and the National Center for Biotechnology Information (NCBI) program TBLASTN (Altschul et al., 1997) were utilized to search for lipoxygenase genes encoded in the Cucumber Genome Initiative (CuGI, http://cucumber.genomics.org.cn), which was released by the Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences (IVF-CAAS). The default parameters with the TBLASTN program, wordsize 2 and extension 11, were used to obtain sequences that were as similar as possible. The redundant sequences with the same chromosome locus were removed from our data set. In addition, we have also obtained the same sequences using Hidden Markov Model (HMM) analysis with the Pfam number PF00305 containing typical LOX domain from the Pfam HMM library (http://pfam.jouy.inra.fr/).
Based on the results of both BLASTN searches in the cucumber genome and annotation database CuGI, we obtained the information of the chromosome locations and intron distribution pattern of predicted genes.
To further confirm the accuracy of these genes, the cDNA sequences were translated into amino acid sequences, which were then searched for in the conserved domain using the Simple Modular Architecture Research Tool (SMART) (Letunic et al., 2004) .
Multiple sequences alignments and conserved motif prediction
Multiple sequence alignments using Clustal X (http://www.clustal.org/) (Larkin et al., 2007) with the default parameters were performed on the CsLOX protein sequences obtained and the alignments were then adjusted manually. The similar amino acids were highlighted using the GeneDoc tool (http://www.nrbsc.org/gfx/genedoc/) (Nicholas et al., 1997) . We also used the Multalin software (http://multalin.toulouse.inra.fr/multalin/multalin.html) (Corpet, 1988) as a secondary method to align sequences and to recheck the result. In addition, to search for conserved motifs within the CsLOX members, we used the MEME tool (http:// meme.sdsc.edu/meme/cgi-bin/meme.cgi) (Bailey and Elkan, 1994) to find similar sequences shared by CsLOX members.
Tree building
A phylogenetic tree was constructed with aligned CsLOX protein sequences using MEGA4 (http://www.megasoftware.net/mega4/mega.html) (Tamura et al., 2007) , using the neighbor joining (NJ) method with the following parameters: Poission correction, pairwise deletion, and bootstrap (1000 replicates; random seed). Meanwhile, maximum parsimony (MP) method of the PHYLIP3.69 tool (http://evolution.genetics.washington.edu/phylip.html) (Felsenstein, 1989 ) was also utilized to create a second phylogenetic tree with a bootstrap of 1000 replicates to test and verify the results from the NJ method. The constructed tree file was visualized by TreeView1.6.6 (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html) (Page, 1996) .
Intron/exon structure, genome distribution and segmental duplication
To analyze the intron/exon structure, we downloaded the DNA and cDNA sequences corresponding to each predicted gene from the cucumber genome and annotation database CuGI and then analyzed the intron distribution pattern and splicing phase using the web-based bioinformatics tool GSDS (http://gsds.cbi.pku.edu.cn/).
To obtain information on CsLOX gene locations, a map with the distribution of CsLOX family members throughout the cucumber genome was drawn using the MapInspect tool (http:// www.plantbreeding.wur.nl/UK/software_mapinspect.html). To detect the large segment duplicated events, we analyzed 100-kb DNA segments flanking each CsLOX gene. The region on different linkage groups containing six or more homologous pairs, which have fewer than 25 nonhomologous genes intervening, was defined as a duplicated segment. A gene pair was considered to be tandem duplicated if they were both separated by less than five intervening genes and shared ≥40% sequence similarity at the amino acid level. The BioEdit5.0.6 software (http://www.mbio.ncsu.edu/BioEdit/ bioedit.html) (Hall., 1999) was used to analyze the homologs for similarity on the phylogenetic tree of obtained CsLOX genes.
Expression analysis of cucumber LOX genes
We used semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) to detect the expression patterns of the CsLOX genes. The PCR primers were designed to avoid the conserved region and the information of primer sequences is shown in detail in Supplementary Table 1 . The length of amplified products was about 150~450 bp. Seeds of the 'Chinese long' inbred line 9930, which is commonly used in modern cucumber breeding (Tanurdzic and Banks, 2004) , were germinated and grown in trays containing a soil mixture (peat:sand:pumice, 1:1:1, v/v/v). Plants were adequately watered and grown at day/night temperatures of 24°/18°C with a 16-h photoperiod. Total RNA of root, stem, leaf, fruit, and flower of cucumber, at the stage when the number of main-stem nodes reaches 20, was isolated using the TRIzol Reagent (Invitrogen, USA) and RT-PCR was performed according to manufacturer recommendations (Tiangen Biotech Co. Ltd., Beijing, China). Twenty-eight cycles of the PCR amplification were performed with no template as negative control, and actin DNA fragment (161 bp) of cucumber, as inner standard, were employed for each gene. To confirm its accuracy, all products of the expected size were sequenced (Sangon Biotech Co. Ltd., Shanghai, China). EST data came from NCBI (http://www.ncbi.nlm.nih.gov/dbEST/). An EST was considered to be corresponding to its gene if they shared ≥95% sequence similarity, the length of matching sequences ≥160 bp and E values ≤10 -10 .
RESULTS AND DISCUSSION
Identification of 23 CsLOX genes
To identify the CsLOX genes in the cucumber genome, we used criteria provided by Feussner and Wasternack (2002) to define a CsLOX protein. Initially, the LOX domain of a cucumber lipoxygenase (GeneBank No. U25058) containing a representative motif His-(X) 4 -His-(X) 4 -His-(X) 17 -His-(X) 8 -His, which represents a potential binding site for non-heme iron to the protein, was used as a BLAST query to identify all candidate CsLOX genes. Subsequently, we used the TBLASTN to remove redundant sequences of candidate CsLOX genes according to their corresponding chromosome locations and finally obtained 23 CsLOX genes (Supplementary Table 2A ). The same 23 sequences were also identified using HMM analysis with PfamPF00305 containing typical LOX domain from the CuGI database. The number designation of these CsLOX genes was based on the order of the multiple sequence alignments (Supplementary Figure 1) and two previously reported genes, CsLOX1 and CsLOX9 (Matsui et al., 1999 (Matsui et al., , 2006 . To further verify the reliability of these candidate sequences, we performed SMART analysis on the 23 putative LOXs and found that all had a typical LOX domain. Compared with two previously confirmed members, CsLOX1 and CsLOX9 (Matsui et al., 1999 (Matsui et al., , 2006 , more lipoxygenase genes could be found in the cucumber genome. The discrepancy is probably due to the fact that no cucumber genome database was available previously.
At the same time, we identified 11 OsLOX genes (Supplementary Table 2B ) in the version of release 5 of the TIGR pseudomolecules in rice (http://rice.plantbiology.msu.edu/) using the same methods.
Multiple sequence alignments and conserved motif prediction
To examine sequence features of these CsLOX members, we performed multiple sequence alignment of the 23 CsLOX amino acid sequences (Supplementary Figure 2) . In agreement with a previous study (Schneider et al., 2007) , we found the common LOX domain, which being located within the carboxy-terminal colipase binding domain, was more conserved than other parts in all CsLOX sequences, while the amino-terminal region of sequences was the most divergent region in terms of both length and composition of amino acids. In addition, we identified 158 amino acid residues that were at least 75% identical among the 23 CsLOX sequences (Supplementary Figure 2 , indicated at the bottom of the alignments).
It was reported that a region rich in histidine residues was observed in the primary structure of the soybean L-1 and L-2 lipoxygenase isozymes (Shibata et al., 1987 (Shibata et al., , 1988 (Steczko et al., 1992; Minor et al., 1993) . In 23 CsLOX members, five such iron binding sites were also identified, and the first two His were included in the consensus LOX domain (the positions were indicated with asterisk in Supplementary Figure 3) . The previous study showed that the replacement of the C-terminal isoleucine with valine resulted in an enzyme having substantial activity, whereas other replacements resulted in inactivation by modifying two murine lipoxygenase (Chen et al., 1994) . Interestingly, there were 16 sequences that terminate in Ile among the 23 CsLOXs, whereas another 7 CsLOXs terminate in another amino acid, like Thr for CsLOX07, CsLOX15, and CsLOX16, which leads us to propose that these 7 CsLOXs likely show a difference in enzyme activities with the other CsLOXs.
Motif analysis showed that a representative motif of 38 amino acid residues, which was in accordance with the form His-(X) 4 -His-(X) 4 -His-(X) 17 -His-(X) 8 -His of a previous study (Zhang et al., 2006) , was highly conserved, excluding 5 members, CsLOX03, CsLOX07, CsLOX11, CsLOX17, and CsLOX18, because of sequence truncation (Figure 1) . 
Lipoxygenase gene family in cucumber
Phylogenetic analysis of the CsLOX genes
To determine the evolutionary relationships of cucumber LOXs with those from Arabidopsis and rice, an unrooted NJ phylogenetic tree with bootstrap analysis (1000 replicates) was generated by the multiple sequence alignments of 40 LOX members including 23 CsLOX, 11 OsLOX and 6 reported Arabidopsis AtLOX members (Figure 2) (Bannenberg et al., 2009 ). The analysis result showed that the 40 LOX members were clustered into type 1 and type 2 groups according to clades with at least 50% bootstrap support, similar to the result described by Bannenberg et al. (2009) and Huang et al. (2009) . There were nine cucumber LOXs (CsLOX01~06, CsLOX08~10) grouped in type 1 including another four rice LOXs (OsLOX06~09) and two Arabidopsis, AtLOX01 and AtLOX05. Upon closer inspection, 7 CsLOXs (CsLOX01~06, CsLOX08) existed in the form of an exclusive cluster, indicating that these 7 CsLOX genes might diverge after the monocotyledon/dicotyledon separation (Figure 2) . Two other members, CsLOX09 and CsLOX10, were found close to AtLOX05 and AtLOX01, respectively. The former study indicated that AtLOX05 and AtLOX01 belonged to 9S-lipoxygenases (Bannenberg et al., 2009) , which led us to hypothesize that CsLOX09 and CsLOX10 likely were 9S-lipoxygenases. Similar to type 1, an exclusive cluster including 11 CsLOX members (CsLOX07, CsLOX12~21) existed in type 2, which was closed to AtLOX2 and OsLOX3. AtLOX2 was essential for jasmonic acid formation upon wounding and its expression was down-regulated during senescence (Melan et al., 1993; Bell et al., 1995; He et al., 2002) , and OsLOX3 was involved in herbivore-induced JA biosynthesis, which suggests that these 11 CsLOXs (CsLOX07, CsLOX12~21) genes may be participating in JA formation; the detailed function requiring further research and confirmation. Meanwhile, in type 2, CsLOX22 was closely related to the cluster containing 2 AtLOXs (AtLOX03 and AtLOX04), and CsLOX23 related to AtLOX06. These 3 AtLOX gene encoding proteins, such as 13S-lipoxygenases, were reported to oxygenate linolenic acid more effectively than linoleic acid (Bannenberg et al., 2009 ). Phylogenetic analysis of cucumber LOXs with those from Arabidopsis and rice. An unrooted neighborjoining phylogenetic tree was constructed using MEGA4 by the multiple sequence alignments of 40 LOX protein sequences including 23 CsLOX, 11 OsLOX and 6 reported Arabidopsis AtLOX members. Two classes are marked, type 1 and type 2, as described by Bannenberg et al. (2009) and Huang et al. (2009). It was reported that type 2-LOXs just showed a moderate overall sequence similarity (~35%) to one another (Feussner and Wasternack, 2002) ; however, our analysis showed that the overall identity of the cucumber type 2-LOXs CsLOX07 to CsLOX17 reached 89%, obviously much higher than 35%. This discrepancy is probably because only a few LOXs have been compared previously.
In addition, MP analysis was also used to construct a phylogenetic tree (Supplementary Figure 4) , which found that 83% of the CsLOX members were placed into the same locations as those in the NJ tree, indicating that the above NJ tree analysis result was reliable.
Structure and evolution of the CsLOX genes
The intron number of the 23 cucumber LOX genes ranged from zero to nine, only CsLOX03 had no intron. Further analysis showed the presence of eight highly conserved intron positions (Supplementary Figure 5 , indicated by black arrows), which can be observed in a total of 19 genes. According to the presence and positions of their introns, these 19 genes could be grouped into 11 patterns (1, 2, 5~7, 9~13, and 18). Among the 11 patterns, just pattern 1 was shared by the LOX genes from cucumber, Arabidopsis and rice. The percentages of pattern 1 in CsLOX and AtLOX members were quite close, 30% for CsLOX members and 33% for AtLOX members, whereas for OsLOX members, the percentage was just 9%. For the remaining 10 patterns, 8 patterns (2, 5~7, 9~11, and 13) with 80% high ratio were found just in cucumber LOX genes, another 2 patterns (12 and 18) were observed only in both cucumber and rice LOX genes, and no pattern exhibited in both cucumber and Arabidopsis LOX genes. The appearance of relatively few conserved patterns (1, 12 and 18) indicated that only a few of the intron patterns existed in the ancestor of monocots and eudicots.
To gain insight into the evolution of 23 LOX forms in cucumber, we analyzed their genomic distribution and found that they were unevenly distributed on chromosomes 2, 4~7, except for CsLOX03 and CsLOX04, which lie within unassembled scaffold000337 (Figure 3 ; Supplementary Table 2A) . On chromosome 2 and 4, a cluster with a relatively high density was observed, particularly for the cluster identified on the region close to centromeric on chromosome 4, where up to 11 CsLOX members (CsLOX07, CsLOX12~CsLOX21) were identified (Figure 3) . Moreover, these 11 CsLOX members have a high sequence similarity with each other. For instance, the entire protein sequences of CsLOX07 and CsLOX17 shared 89% identities, and CsLOX20 and CsLOX21 shared 86% identities. CsLOX23 and CsLOX09 were merely distributed on chromosome 5 and 6, respectively, and CsLOX11 and CsLOX22 localized on chromosome 7. The genomic distribution indicated that some CsLOX members of type 1 and type 2 were located within the same small chromosomal region, whereas other members of the same group were distributed in different chromosomal regions. A similar situation also appeared in the OsLOX and AtLOX members, indicating that the LOX genes were distributed widely in the genome of the common ancestor of monocots and eudicots.
On average, genome duplication events are thought to have occurred throughout the process of plant genome evolution (Cannon et al., 2004) . Previous research has revealed that the event of recent whole-genome duplication is absent in the cucumber genome, but a number of tandem duplications have occurred (Huang et al., 2009) , which defined the members both separated by less than five intervening genes and sharing ≥40% sequence similarity at the amino acid level. However, whether a segment duplicated event existed or not in the cucum-ber LOX gene family was not clear. Therefore, we performed segment duplication analysis on 100-kb DNA segments flanking each of CsLOX genes and found no gene contributed to segmental duplication. Hence, it was most likely that tandem duplication and/or polyploidy duplication have played a key role in the observed gene expansion of LOX genes in cucumber genome. There were 23 LOX genes distributed in the cucumber genome, an obviously higher number compared to that of other reported species (6 for Arabidopsis and 15 for papaya) (Huang et al., 2009) , possibly resulting from the higher frequency of the tandem duplication and/or polyploidy duplication. (Huang et al., 2009) . Two genes, CsLOX03 and CsLOX04, on the scaffold000337, cannot be anchored on a specific chromosome.
The expression pattern of the CsLOX genes
In view of the fact that gene expression pattern is often correlated with its function, we investigated the expression information of CsLOX members using RT-PCR analysis with RNA from root, stem, leaf, fruit, and flower as well as the EST data from NCBI. The RT-PCR result showed that a total of 13 CsLOX transcripts were detected in at least one tissue, 5 CsLOX genes (CsLOX02, CsLOX10, CsLOX19, CsLOX22, and CsLOX23) expressed in all tissues investigated, and the expression signal for CsLOX22 was at a lower abundance. Three CsLOX genes (CsLOX01, CsLOX06, and CsLOX20) had similar expression patterns in cucumber stem, leaf, flower, and fruit, but CsLOX01 appeared to have a higher transcript abundance in stem. CsLOX17 exhibited an obvious transcript signal in cucumber root, leaf, flower, and fruit, but no expression signal was detected in the stem. For the remaining four genes, CsLOX04, CsLOX08, CsLOX09, and CsLOX16, the first 3 genes expressed in both flower and fruit while CsLOX16 just expressed in the flower. In addition, CsLOX08 and CsLOX16 had an obvious expression signal in root, and CsLOX09 in leaf. No obvious CsLOX04 expression signal was observed in the 3 investigated vegetative tissues. Subsequently, we searched the EST information on CsLOX genes from NCBI and found EST data for 6 CsLOXs (CsLOX02, CsLOX03, CsLOX07, CsLOX10, CsLOX17, and CsLOX19) . Except for CsLOX03 and CsLOX07, the other 4 genes had positive RT-PCR results (Figure 4 ). This discrepancy may be the result of weak expression that was barely detected by RT-PCR. After integrating, a total of 8 CsLOX genes (CsLOX05, CsLOX11~15, CsLOX18 and CsLOX21) were not detectably expressed according to the results of RT-PCR and EST data, which suggested that these genes might be pseudogenes, or expressed at specific developmental stages or under special conditions. Another reason might be relatively little cucumber EST data available in NCBI. . Expression analysis of 23 cucumber LOX genes in different tissues using RT-PCR. RT-PCR was performed using the primers specific to the 23 CsLOX genes. PCR products from 28 cycles were run on 1.5% agarose gels. Cs-actin primers giving a 161-bp product was used as inner standard for each gene. ck means a negative control with deionized water as template. The sample identities are as follows: root, stem, leaf, fruit, and flower.
Among the 15 expressed CsLOX genes, some genes such as CsLOX02, CsLOX10, CsLOX19, and CsLOX23 were expressed in both vegetative and reproductive tissues, suggesting that these CsLOX genes played regulatory roles in different tissues in cucumber; however, some members have preferential expression that is tissue specific, including CsLOX16 with expression in root and CsLOX04 in reproductive tissues, suggesting that members of this family might take part in specific biological processes in cucumber.
Two cucumber LOX genes, CsLOX01 and CsLOX09, have been characterized. CsLOX1 (corresponding to CsLOX01 in our data) was a major lipid body protein and played a specialized role in fat mobilization in lipid bodies during seeding growth (Matsui et al., 1999) . The transcript of CsLOX01 was detected in stem, leaf, fruit, and flower. Whether it also functioned with a similar mechanism or not in these tissues deserves further research. For CsLOX9 (corresponding to CsLOX09 in our data), the transcript was detected in leaf, flower and fruit, similar to a previous study (Matsui et al., 2006) . Matsui research suggested that CsLOX9 might provide HPL (hydroperoxide lyase) with fatty acid 9-hydroperoxides as substrates, and that the HPL activity was developmentally regulated and induced by mechanical wounding. In addition, HPL-derived product C9-aldehydes were formed rapidly after disruption of the tissues and showed fungicidal activities against the fungal pathogens Botrytis cinerea and Fusarium oxysporum (Matsui et al., 2006) . Although the specific functions of most CsLOX genes are unknown, the expression analysis will provide a beneficial foundation for future functional studies.
In summary, we have performed extensive analyses of the 23 cucumber LOX genes and compared them with 6 Arabidopsis and 11 rice LOX genes. The 40 LOX members clustered into type 1 and type 2 groups, which were in general agreement with previous studies (Bannenberg et al., 2009; Huang et al., 2009) . Chromosomal localization and genome distribution of CsLOX genes have revealed that tandem duplication and/or polyploidy duplication may be contributing to the expansion of CsLOX genes. Expression data showed widespread distribution of the CsLOX gene family within plant tissues, which will facilitate the selection of candidate CsLOX genes during plant development, and abiotic or biotic stress responses together with the result of phylogenetic analysis. Figure 1 . Multiple sequence alignments of cucumber LOXs with those from Arabidopsis and rice. Forty LOX protein sequences including 23 CsLOX, 11 OsLOX and 6 reported Arabidopsis AtLOX members were aligned using the Clustal X software. The consensus amino acid residues are marked with letters at the bottom.
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